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ABSTRACT

Most evaluations of the fracture and fatigue-crack propagation properties of γ+ α2 titanium alu-
minide alloys to date have been performed using standard “large-crack” samples, e.g., compact-ten-
sion specimens containing crack sizes which are on the order of tens of millimeters, i.e., large com-
pared to microstructural dimensions. However, these alloys have been targeted for applications, such
as blades in gas-turbine engines, where relevant crack sizes are much smaller (<500 µm) and where
the small-crack fatigue threshold may be the most relevant design parameter. In this study, we com-
pare and contrast the cyclic crack-growth behavior of both large (a > 5 mm) and small (c ~ 25–300
µm) cracks in a γ-TiAl based alloy, of composition Ti-47Al-2Nb-2Cr-0.2B (at.%), specifically for
duplex (average grain size ~17 µm) and refined lamellar (average colony size ~150 µm) microstruc-
tures. It is found that, whereas the lamellar microstructure displays far superior fracture toughness and
fatigue-crack growth resistance in the presence of large cracks, in small-crack testing the duplex
microstructure exhibits a better combination of properties. The reasons for such contrasting behavior
are examined in terms of the intrinsic and extrinsic (i.e., crack bridging) contributions to cyclic crack
advance.

INTRODUCTION

Two-phase gamma-TiAl based intermetallic alloys have received considerable attention in
recent years as candidate materials for high-temperature aerospace and automotive applications, in
particular as possible replacements for conventional nickel and titanium alloys in gas turbines [1-4].
Two conditions have been prominent: a duplex microstructure, consisting of equiaxed grains of γ
(TiAl) with small amounts of α2 (Ti3Al) grains, and a lamellar microstructure, consisting of lamellar
colonies containing alternating γ and α2 platelets. In general, duplex structures display better elonga-
tion and strength properties, whereas lamellar structures show better creep resistance, toughness, and
(large-crack) fatigue-crack growth resistance [1,2,5-8].

Although duplex structures have somewhat higher ‘smooth-bar’ fatigue limits [4,9], fatigue-
crack growth properties, conventionally measured using large-crack specimens containing >5 mm
long cracks, are clearly superior in lamellar structures [4,8,10-13]. However, preliminary indications
are that this benefit is lost when tests are performed on small (<500 µm) surface cracks [13]. As many
potential applications for γ-TiAl alloys may involve fatigue design based on a small-crack threshold,
the current work is focused on a comparison of large- and small-crack growth behavior in γ-TiAl based
alloys and on the specific role of microstructure in influencing such behavior.

EXPERIMENTAL PROCEDURES

Duplex and lamellar microstructures (~10 vol.% α2) were studied in a γ-based alloy of compo-
sition Ti-47Al-2Nb-2Cr-0.2B (at.%); the B additions resulted in ~0.5 vol.% of needle-like TiB2 parti-
cles (~ 2-10 µm in length, ~1 µm in diameter). The lamellar microstructure (Fig. 1a) was obtained by
forging and subsequent heat treating at 1370°C in flowing argon for 1 hr, air cooling and then holding
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for 6 hr at 900°C prior to argon furnace cooling. The resulting microstructure consisted of ~145 µm-
sized lamellar colonies (α2 center-to center spacing of ~1.3 µm) with very small amounts (~4%) of
fine equiaxed γ grains (5-20 µm) between lamellar colonies. The corresponding duplex microstructure
(Fig. 1b) was achieved by forging and subsequent heat treating at 1320°C in argon for 3 h, followed
by argon furnace cooling. This microstructure consisted of nearly equiaxed grains of the γ-phase, ~17
µm in diameter, with the α2 phase appearing along γ grain boundaries and at triple points.

The growth of small surface cracks (c ~ 25-300 µm) was evaluated in room temperature air
using unnotched, 6-mm thick, rectangular beams loaded in four-point bending. Samples were cycled
at a positive load ratio (ratio of minimum to maximum load) of R = 0.1 at frequencies between 5 and
25 Hz (sine wave). Small surface cracks were initiated from electro-discharge machining (EDM) pit
damage generated on the tensile-loaded beam surface for both microstructures and in the case of the
lamellar microstructure cracks were also naturally initiated by cycling polished samples. Data from
both techniques were comparable. EDM pitted samples were cyclically loaded to grow the cracks
away from the heat-affected zone (HAZ) prior to data acquisition; some sample surfaces were ground
and polished following pitting to eliminate the EDM damage, leaving only small surface cracks that
originated from the pitting process.

Fatigue-crack growth was observed by periodically interrupting the test, at which time cracks
were either observed directly on the sample surface or on metal-coated surface replicas using optical
microscopy. Replication was performed with the sample under load using cellulose acetate tape soft-
ened with acetone. Growth rates were computed from the amount of crack extension between two dis-
crete measurements; specifically, each data point represents the average growth rate and ∆K value,
with the error bars representing the range of ∆K within the increment. Stress intensities were determined
using linear-elastic solutions for surface cracks in bending [14]. Based on heat-tinting studies on sever-
al samples, a semi-circular crack profile (crack depth to half-surface crack length ratio of a/c = 1) was
considered.

RESULTS

Fatigue-Crack Propagation of Large Cracks
It is well documented that lamellar microstructures in γ-TiAl based intermetallics possess supe-

rior fatigue-crack growth resistance to that of duplex microstructures, but only in the presence of large
(>5 mm) cracks [4,8,10]. Such superior performance of lamellar structures is evident in Fig. 2 which
shows the relative crack-growth rates of large (through-thickness) cracks in several duplex and lamel-
lar alloys, including those studied herein [11,12]. It is clear that the lamellar alloys have the higher
threshold (∆KTH) values and lower Paris power-law exponents.
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Figure 1. Optical micrographs of the (a) lamellar and (b) duplex microstructures of
a Ti-47Al-2Nb-2Cr-0.2B (at.%) alloy. (Etched with 2% HF, 5% H3PO4 etchant)



Crack-growth rates specifically for large, through-thickness cracks in the present duplex and
lamellar microstructures are shown in Fig. 3. When results are compared in terms of the applied stress-
intensity range, ∆K, growth rates in the lamellar structure are up to five orders of magnitude lower, and
threshold, ∆KTH, values are some 50% higher, than in the duplex structure. This behavior has been
attributed primarily to enhanced crack-tip shielding in the lamellar structure, primarily from crack
bridging due to uncracked (shear) ligaments, generated by inter-and intra-lamellar cracking ahead of
the tip [5-13]. Consequently, behavior in the two microstructures becomes similar when growth rates
are characterized intrinsically in terms of the effective (shielding-corrected) ∆Keff, defined as ∆Keff =
(Kmax - Kbr) - Kcl, where Kbr is the reduction in Kmax due to bridging and Kcl is the crack closure stress
intensity when the crack faces first come into contact [11,12]. Methods of measurement of these val-
ues are described elsewhere [11,15].

Large- vs. Small-Crack Growth
A comparison of the growth-rate behavior of small (c ~ 25–300 µm) surface cracks and large

(a > 5 mm) through-thickness cracks in the duplex and lamellar structures, are shown in Figs. 4a and
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Figure 2. A comparison of the fatigue-
crack growth resistance of a fine near-
ly-lamellar microstructure Ti-47.7Al-
2.0Nb-0.8Mn (XD) alloy, both duplex
and fine fully-lamellar microstructure
Ti-47Al-2Nb-2Cr-0.2B (MD) alloy, both
duplex and coarse lamellar micro-
structures in a Ti-47.5Al-2.3Nb-1.5Cr-
0.4V (G7) alloy and a single phase γ
alloy (Ti-55Al with traces of Nb, Ta, C,
and O) [11,12].

Figure 3. Comparison of the large-
crack (a > 5 mm) fatigue-crack growth
results, plotted as a function of the
applied stress-intensity range, ∆K, and
in terms of the “shielding-corrected”
stress-intensity range, ∆Keff for the
duplex and lamellar microstructures
[11,12].



4b, respectively; the large-crack data are shown both before and after accounting for shielding. From
these results and others [13,16-19], it is apparent that:
• At the same applied ∆K levels, the growth rates of the small cracks in both microstructures

exceed those of corresponding large cracks by up to several orders of magnitude.
• Small-crack growth is seen at applied stress intensities below the large-crack ∆KTH thresholds.

• Although superior large-crack fatigue properties are seen for the lamellar microstructure, the
growth rates for small cracks in the duplex and lamellar microstructures are comparable.

• Despite the similarity of small-crack growth rates in the two microstructures, there is signifi-
cantly more scatter in the coarser lamellar microstructure. Furthermore, small cracks in this
microstructure are able to grow, at significant growth rates (da/dN ~ 5 × 10-8 m/cycle), at applied
∆K levels well below those for equivalent crack growth in the duplex structure.

Origin of the Small-Crack Effect: Limited Crack-Tip Shielding
Comparison of small-crack growth rates with the intrinsic large-crack rates, i.e., where the

crack-tip shielding has been accounted for in terms of ∆Keff, results in a much closer correlation
between the data sets than that provided by comparison with the measured (non-shielding-corrected)
large-crack data. This suggests that the small-crack growth rates are faster than those of correspond-
ing large cracks because of their limited wake, which limits the development of equilibrium shielding
zones behind the tip. In essence, this implies that the small-crack growth rates reflect the intrinsic
crack-growth resistance, akin to the “shielding-corrected” large-crack behavior; however, this is only
true where crack sizes are small compared to the shielding-zone lengths (similitude limitation) yet still
large compared to microstructural dimensions.

For the duplex microstructure, the shielding-corrected large-crack growth-rate data provide a
useful reference curve for design against fatigue in the presence of small flaws. Examination of Fig.
4a indicates that the small cracks do not grow below the “shielding-corrected” large-crack threshold,
∆Keff,TH. It is thus possible to define a lower-bound threshold in this microstructure below which nei-
ther large nor small cracks (c > 25 µm) will propagate, using crack-growth rate data acquired from
standard “large-crack” samples, plotted as a function of ∆Keff.
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Figure 4. Comparison of small- (c ∼ 25-300 µm) and large-crack growth rates dur-
ing the fatigue of a) duplex and b) lamellar microstructures, where the large-crack
data (from Fig. 3) are plotted in terms of both the applied ∆K and near-tip “shield-
ing-corrected” ∆Keff. Error bars represent the range of ∆K values over specific
growth increments.



In contrast, in the lamellar microstructure, small cracks are observed to grow at applied stress
intensities below the large-crack ∆Keff,TH. Indeed, the absence of a definable, lower-bound threshold
below which small cracks will not propagate in lamellar γ-based TiAl alloys has been reported previ-
ously [13,16-19]. These results suggest that a limited equilibrium shielding zone, although a major fac-
tor, is not the only cause of the small-crack effect in lamellar structures.

Origin of the Small-Crack Effect: Biased Microstructural Sampling
In addition to being small compared to shielding-zone lengths, cracks in the lamellar structure

can also be regarded as small with respect to microstructural dimensions (continuum limitation) since
the average colony size (~145 µm) is on the same order of magnitude as the cracks under study (c ~
25–300 µm). The influence of the coarser lamellar structure on small-crack behavior is apparent in Fig.
5, where the small-crack data are further divided into cracks with initial surface crack lengths smaller
and larger then the average colony size. From this comparison, it is apparent that all the small cracks
that were observed to propagate below the “shielding-corrected” large-crack threshold had initial crack
lengths smaller than the average colony size, while no small cracks with initial crack lengths larger
then the average colony size grew at ∆K < ∆Keff,TH. Although using the average colony size as the crit-
ical microstructural dimension is somewhat arbitrary, it does demonstrate that, for cracks contained
within one or two lamellar colonies, the growth behavior is different from that observed when the
crack front samples many colonies.

This result is not surprising considering observations [20] of the strong preference for crack ini-
tiation parallel to the lamellar interface orientation, and the tendency for cracks to arrest at colony
boundaries. These observations are further supported by numerous studies that have found large cracks
to grow at different rates at the same applied ∆K levels depending on the crack orientation relative to
the lamellar interfaces [21-23].

CONCLUSIONS

Based on a study of small fatigue-crack growth in duplex and lamellar microstructures in a γ-
based Ti-47Al-2Nb-2Cr-0.2B (at.%) alloy, the following conclusions can be made:

• Growth rates of small (c < 300 µm) cracks in both microstructures were found to exceed that of
large cracks for a given applied (far-field) stress-intensity range.

• Additionally, small cracks grew at applied ∆K levels below the large-crack fatigue threshold.
• Such small-crack effects were rationalized in terms of limited crack-tip shielding and in the case

of the lamellar microstructure, biased microstructural sampling.
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Figure 5. Fatigue-crack growth-rate
behavior for small cracks in the lamel-
lar microstructure compared to large-
crack data as a function of ∆K and
∆Keff. Note that the small-crack growth
rates are only consistent with the
shielding-corrected large-crack data
where surface crack sizes are larger
than the average colony size (2c > 145
µm). Error bars represent the range of
∆K values over specific crack-growth
measurement increments.



• Although the lamellar microstructure displays far better large-crack fatigue-crack growth resis-
tance, for applications such as gas-turbine blades where fatigue design must be based on the
notion of no crack growth, the duplex microstructure appears to offer the more attractive proper-
ties, namely a definable lower-bound small-crack threshold that can be obtained from “shielding-
corrected,” large-crack results.
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